The investigation of brachydactylia and related deformities in man has been limited in large part to a genetic study. The frequent recurrence of malformations in succeeding generations of a family led to an early recognition of their hereditary nature, and the scheme of inheritance of brachydactylia was accurately described forty-three years before the rediscovery of Mendel's laws (1) . Other types of deformity involving an absence or shortening of the parts of the hands and feet have since been shown to follow the general laws of genetics, but the investigation of more detailed genetic problems has been limited by the lack of suitable data.
Anatomical studies based on x-ray examination and postmortem dissection have shown that the deformities arise from a partial or complete absence of the component bon~s. The deformities thus represent a gross developmental fault and are of pathological as well as of genetic interest. Their pathogenesis has not been studied in man, but the conditions observed by Streeter (2) in human feti and classified as intrauterine amputation suggest a final stage in their development.
In view of the nature of the material and the impracticability of controlled breeding experiments, progress in the investigation of 'human deformities remains dependent upon fortuitous circumstances. The occurrence of comparable abnormalities in lower animals, however, offers an experimental approach to the problems. Hereditary deformities of this order have been reported in the mouse (3) and in the rabbit (4) . The object of the present paper is to describe the de-301 formities as they occur in the rabbit and to report experiments concerned with their inheritance and pathogenesis.
Materials and Methods
The first brachydactylous deformity was discovered in 1932 in the offspring of apparently normal animals. The parents were litter mates derived from the crossing of a pure bred English doe with a hybrid male. Both parental lines had been bred for generations, and there were instances in which matings had been made which should have disclosed the presence of the deformity in either line, but none occurred until the cross indicated above was made.
The abnormality was limited to the feet in the first deformed animal and in all its immediate progeny. The ear defects did not occur until after continued breeding of the line, during the course of which a number of outcrosses were made with animals of different breed.
The various types of deformity were studied by dissection and x-ray examination at different age periods, and an investigation of the pathogenesis of the disorder was carried out on feti obtained at different stages of development. Tissues for microscopic examination were fixed in Petrunkevitch's solution and stained with hematoxylin and eosin.
F1, F~ and backcross generations were obtained from affected animals for hereditary studies. Investigation had shown that the abnormality was completely expressed at birth, and statistical studies were based on observations made at that time.
Types of Deformity
The deformities under consideration are characterized by a shortening or absence of the component parts of the feet. Extreme variations in the degree of malformation occur, giving rise to a series of abnormalities ranging from minor brachydactylia to complete acheiropodia.
One or all of the feet of an animal may be affected. As a rule, there is no apparent tendency toward lateral or horizontal symmetry either as regards the site or extent of abnormality.
The irregular involvement of different portions of the foot gives rise to a complicated diversity of clinical types, but three general grades of malformation may be recognized. The major abnormality is confined to the digits in one grade (Fig. 1) ; in another the metatarsal area is affected, while in a third the alteration extends into the region of the wrist and foreleg (Fig. 2) . It should be emphasized, however, that these grades are not clear cut, and in the majority of instances some degree of abnormality is present in contiguous regions.
The reduction in length in digital deformities may be so extreme that only truncated stubs remain, or so slight that detection depends on comparative meas-urements. Dissection and x-ray examination show that deformities of this type arise from a shortening or an absence of phalanges. Shortened phalanges may be otherwise unaltered, but generally assume a constricted hour-glass shape. In many instances the bones are reduced to mere spicules, and frequently no indication of their presence remains (Figs. 3 and 4) .
Multiple abnormalities may be present in a single digit, but occasionally only one phalanx is affected. In such cases the middle phalanx is most frequently involved, and the abnormality in this dement is more often manifest by complete absence than by reduction in length. In other instances, the alteration of phalanges is extremely irregular, and both shortening and absence are observed in different situations in the same digit.
Usually more than one digit is affected. All of the toes of a foot may be involved to an equal degree, or adjacent digits in one portion may be absent or markedly deformed while those of another part are normal in appearance or only slightly altered. Abnormal phalanges are often found in corresponding positions in adjacent digits, but the degree of abnormality may vary greatly in the analogous bones.
As a rule, the first or most medially placed digit is least affected. This is particularly noticeable in the marked grades of digital shortening in which the remnants of affected digits are not separated from one another, but form a dub-shaped stump from which the relatively normal thumb protrudes as a free and distinct unit.
Minor changes in the metatarsals, such as alterations in contour and decrease in diameter or in length, may accompany malformation of the corresponding phalanges, but usually marked abnormality of these bones is only found associated with complete absence of the digits. In extensive deformities the metatarsals may be absent, but marked shortening with a reduction to short pointed spicules is more commonly found (Figs. 5, 6 and 7).
Abnormalities in the tarsus and carpus, as in other parts of the foot, may be expressed in absence or in reduction in the size of individual elements. The most pronounced alterations occur in grades of deformity in which the metatarsals are absent (Fig. 8) . The distribution of abnormalities is extremely irregular, but in general the most marked malformations are found in localized areas, while bones in other positions appear normal in structure or only slightly altered.
A decrease in the diameter of the distal extremities of the long bones of the foreleg often occurs jointly with deformities of this order, while an irregular reduction in the length of the bones which may involve the greater part of their shafts is sometimes associated with complete absence of the foot. In other animals, absence of the foot is accompanied by a uniform reduction in the diameter and length of the long bones which are otherwise without gross defect. X-ray examination, however, shows a marked thinning of the cortex in such instances.
AbnormaLities of the nails may accompany any grade of deformity but occur with the greatest frequency in the more extensive types. The nails may be absent, distorted, or rudimentary ~n form, and in the latter conditions are not attached to the underlying bone. Alterations of the soft parts of the foot conform to the bony involvement.
Associated Deformities of the Ear.--Abnormalities of the ear may occur in association with malformations of the feet and, like these deformities, are characterized by the absence of a constituent part (Figs. 1 and 9) . In contrast to the foot deformities, however, the defect in the ear occurs in a sharply localized area rather than in multiple foci, and other portions show no alteration. Moreover, the defects always involve the free border and are never limited to an internal part.
The extent of the abnormality is variable. In some instances the entire distal third of the ear is missing, while in others only a blunted appearance due to absence of the pointed tip distinguishes the ear from normal. Occasionally, the extremity of the ear is not involved and the deformity is limited to the lateral border. Defects of the medial border have not been observed. One or both ears may be involved, and in the latter case the malformations are rarely symmetrical.
The defects are clear cut with regular smooth borders and may involve both fleshy parts and cartilage. The skin bounding a defective area is not altered, normal hair is present, and the general appearance is in direct contrast to that noted in cases where portions of the ear have been amputated in early extrauterine life.
Numerous animals of this line have been under observation, but other structural abnormalities have not been found with any degree of regularity. Opacities of the lens and cryptorchism occur in some instances, but the incidence is no greater than is found in the remainder of the colony. Particular attention has been directed toward examination of internal organs, and with a single exception no gross variations have been noted. The exception occurred in the liver of an adult animal which presented a gross structural abnormality with wide defects in its substance and an anomalous lobular division suggesting a developmental origin similar to that of the foot and ear deformities.
The deformities do not interfere with ordinary cage life, and affected animals lead a normal healthy existence. The early history of the line was characterized by a low fertility rate, reduced litter size, and poor maternal care. Such deficiencies were so pronounced in early breeding experiments that, despite continued efforts, two years elapsed before a sufficient number of animals could be raised to allow for genetic study. Affected males were extremely pugnacious and usually infertile while females rarely attempted to care for their young and fostering was necessary in nearly all cases. On the other hand, in later experiments, maternal care improved and fertility and litter size increased to the normal expectation.
Inheritance
The deformities described above occur in a single genetic line of rabbits. Similar malformations are rarely found in the general animal population, and in such instances, the abnormalities are apparently determined by different factors, for they do not recur in subsequent inbred generations or in litters obtained by crossing with the brachydactylous line.
In the brachydactylous line, on the other hand, the deformities "breed true," and all animals derived from deformed parents are affected. The site and extent of abnormality, however, may vary greatly in parents and progeny. For this reason statistical studies in the present report are based on affected individuals rather than on the recurrence of a specific type of deformity.
First generation progeny were obtained from animals with widely dissimilar types of foot deformity and all showed normal feet. In one group of experiments the animals were interbred and backcrossed without regard to the site or form of the parental abnormality. For example, F1 animals derived from a parent with minor brachydactylia of all feet were backcrossed to animals in which the deformity was limited to acheiropodia of a single leg or vice versa, while F~ generations were produced by various types of line crosses. In another group of experiments, breeding was confined to sister-brother or parent-progeny matings.
The proportion of affected progeny in the resulting generations was the same whether the Fl's were mated within their own families, or were crossed with animals representing different forms and locations of abnormality. All of the various types of malformation occurred in these generations, but in no instance was the parental deformity exactly duplicated.
The ratio of animals with normal and deformed feet in F~ and in backcross generations is shown in Table I . The ratios approximate those expected in the inheritance of a simple recessive character and the differences are not statistically significant. Both males and females were found to transmit the variation, and the proportion of affected males and females was approximately equal in the different generations. The condition is, therefore, neither linked to sex in transmission nor influenced by sex in expression, but is dependent upon a simple recessive unit factor. The ratio of normal and abnormal progeny in backcross generations obtained from animals with ear defects is shown in Table II . It was found that all Fx animals derived from affected males and females possessed normal ears but transmitted the abnormal condition. Ab-normal ears recurred in only 11.3 per cent of the backcross progeny rather than in 50 per cent, as would be expected in the inheritance of an independent recessive character. Moreover, the occurrence of defective ears was limited to animals with deformed feet. The ratio of progeny with abnormal feet conformed to that observed in previous experiments. In addition, 22.1 per cent showed defective ears.
Statistical analysis shows that the association of abnormal ears with deformed feet is not a matter of chance. The factors concerned in the determination of the two abnormalities are, therefore, either closely linked or identical. Despite numerous additional breeding tests, the ear abnormality has never been obtained as a separate entity, and it seems improbable that the association is due to linkage. On the other hand, evidence obtained from more detailed genetic studies to be reported in a later paper indicates that thh two deformities arise from the same fundamental variation. This evidence is supported by morphological studies described in the following paragraphs, which show that the pathogenesis of the abnormality is identical in both locations.
Embryological Examination
During the latter half of gestation, feti derived from the interbreeding of affected animals show pathological changes at sites corresponding to the deformities observed at birth. The nature and extent of the alterations are comparable in unrelated feti of the same age, and a sequence of changes beginning with the first appearance of abnormality and terminating in the complete deformity may be observed in a series of animals obtained between the 16th and 25th days of gestation.
Gross Examination.--Gross abnormal changes were not found before the 18th day of gestation despite the careful examination of a great many younger feti. The abnormalities noted at this time were situated near the surface of the developing foot and ear buds and consisted of areas of red discoloration (Fig. 10) . The discolorations varied in size from small punctate spots to areas involving the greater part of the bud and were usually slightly elevated. Small lesions deep in the tissues were found on histological examination but were not observed in the gross.
On the 19th day the involved areas were generally more sharply outlined and were of a deep red color (Fig. 11) . The larger discolored regions were swollen, but the discoloration and swelling stopped abruptly at the junction with normal appearing tissue. The smaller lesions often appeared as minute red cysts which exuded bloody material when pricked but ceased bleeding even in living animals as soon as the immediate area was drained. Small cysts were frequently found in different parts of the same foot but were never observed in multiple positions in the ear.
A line of demarcation similar to that observed in gangrenous lesions was apparent on the 20th or 21st day separating abnormal and normal parts (Figs. 12 and 13 ). An annular constriction subsequently appeared in this region, and by the 23rd day the affected portion had sloughed off or remained as a shrunken necrotic area. Sloughing had occurred and the stub had apparently healed in all cases examined after the 25th day (Fig. 14) . The process did not recur in the subsequent days of gestation, and feti examined after the 25th day showed a deformity comparable to that noted at birth.
Histological Examination.--Identical histological changes were observed in the developing foot and ear buds, but tissues in other situations showed no alteration from normal. Sections from feti killed on the 16th and 17th days of gestation showed no other abnormality than a dilatation of thin wailed vessels with occasional small areas of extravasated blood. Degenerative changes were not observed. Blood vessels and nerves were normally distributed throughout the bud and were intact and unaltered in structure.
Numerous areas of hemorrhage in the muscle and subcutaneous tissue were present in 18 day old feti. Small hemorrhages were not accompanied by other change, but the larger extravasations were associated with necrosis of the areas involved.
Necrosis dominated the picture from the 19th day to the 21st day (Figs. 15 and 16). In many instances the greater part of a member was involved in the process, while in others necrosis was limited to a small area. The l{~rge necrotic areas in the foot frequently extended from the tarsal or carpal bones to the digital extremities, and all intervening tissues showed complete dissolution of cell structure with pycnosis and karyorrhexis of nuclei. Smaller necrotic foci were often multiple and scattered irregularly in internal and peripheral areas. They occurred both in widely separated regions and in closely approximating positions. In the latter case, the lesions remained discrete throughout and did not coalesce by extension.
The large areas of necrosis frequently involved all the digits of a foot with the exception of the first metatarsal and its phalanges, but otherwise the distribution of lesions followed no recognizable order. Different regions were affected with equal frequency and there was no apparent site of predilection either in regard to different tissues or to specific locations in these tissues. Foci of necrosis occurred with the same incidence in the extremities and shafts of developing bones, and at the center and periphery of muscle anlage. The lesions were seldom limited to any one tissue, but involved parts of cartilage, muscle, vessels, and nerves.
All tissues and regions of the developing buds with the exception of the epi-dermal epithelium were affected in different animals. This tissue remained intact and unaltered in structure despite the involvement of all other elements or the presence of a necrotic lesion in the immediate underlying area. Necrosis was always associated with extravasations of blood. The larger lesions were irregularly and loosely infiltrated with blood cells, but in the smaller foci, the cells were often arranged in compact masses resembling hematomata (Fig. 17) . Hemolysis, however, did not occur, and the cells were always intact and well preserved in contrast to the surrounding necrotic tissue. Nucleated red cells were present in greater concentration than in the normal blood vessels of the part, suggesting that the extravasation was of some duration at the time of examination and that the preservation of the blood cells in the necrotic area was related to some special property.
The necrotic areas were usually irregular and asymmetrical in shape, and with the exception of blood cysts close to the surface, sharply circumscribed lesions did not occur. In general the tissue in the region of heaviest blood extravasation was uniformly involved, but the process extended irregularly into the surrounding tissue, and the position of maximum hemorrhage was not constant in relation to the area of necrosis.
The process of healing was apparent in many instances as early as the 20th day and was usually completed by the 2Sth day. The necrotic material in internal lesions was removed by phagocytosis and the defect partially filled by a loose proliferation of fibroblasts. The removal of large necrotic areas and small superficial lesions, on the other hand, was executed by sloughing. Sequestration of the affected region was accomplished by a downgrowth of epithelium from normal parts which began between the 20th and 21st days and completely separated living and necrotic tissue before sloughing occurred (Fig. 18) . The preservation of intact, normal appearing epithelium about the sequestrum despite the absence of any blood supply was a notable feature in the majority of cases.
DISCUSSION
Brachydactylia was the first physical variation shown to follow the laws of Mendelian inheritance in man. It is of interest that the same variation was the first hereditary deformity observed in a large breeding colony of rabbits and that, despite the subsequent discovery of ,numerous other genetic abnormalities, it remains at the present time the only one found to occur in accordance with simple Mendelian laws.
The recent use of the x-ray in the study of brachydactylous deformities in man has demonstrated the great variability in structural detail exhibited by the affected members of a given family. The conformity of anatomical changes described in the older literature was apparently based on limited examination and cannot be held as opposing an analogy with the deformities described above. On the other hand, many points of similarity suggest the existence of such a relationship.
The deformities in man are inherited in the manner of dominant Mendelian characteristics, while the variations in the rabbit are determined by recessive factors. This difference, however, is commonly observed in a comparison of the inheritance of the same abnormality in man and in lower animals.
The deformities in man vary from slight digital shortening to the complete absence of hands and feet in different families, but intermarriage has not been recorded and it has not been determined whether the various types arise from different genetic changes or represent modified forms of the same fundamental variation. Experimental breeding of rabbits, however, has shown that the different types of deformity are not distinct hereditary entities but form a genetically related series.
The presence of some degree of abnormality in one or other of the feet is regularly transmitted from parents to progeny, but the distribution and extent of the malformations are subject to extreme variation in succeeding generations. Genetic investigation is therefore concerned with two problems, one of which obtains to the occurrence of abnormality in different generations and the other to the duplication of the parental abnormality. Data pertinent to the first problem have been presented in this paper and show that the presence of abnormality without regard to its extent or location is dependent upon a simple recessive Mendelian factor. The second problem has been investigated and, while the details will be published elsewhere, the results may be briefly summarized for present purposes.
It was noted that an exact duplication of the location and extent of abnormality rarely occurred in the progeny of similarly affected animals and a series of interbreeding experiments was undertaken to determine whether or not these variables were under genetic control and to study the nature of the factors concerned. It was found that the extent and location of abnormality were determined by two groups of hereditary factors, which did not segregate in the manner of unit characters but behaved rather as quantitative modifying factors. The factors of the two groups are not entirely specific in influence and their action may be expressed under certain conditions on either the extent or location of abnormality. Thus, if the factors influencing the extent of abnormality are present in great concentration in parents a commensurate degree of abnormality is not necessarily expressed in progeny, but the factors may operate to produce abnormality in locations not affected in parents. The reverse is also true and location factors, in the event of a great concentration, may operate to increase the extent of abnormality. A further discussion of the genetic aspects of the abnormality will be deferred pending presentation of additional data.
The close association of functional deficiencies with the physical abnormality in the early history of the brachydactylous line suggested that they were parts of the same complex. Similar complexes involving the combination of a physical abnormality with functional disorders in apparently unrelated organ systems have been observed in the investigation of other hereditary variations and it was of interest to determine whether the functional alteration was an integral part of the condition or had been introduced into the line by a chance circumstance. The functional deficiencies disappeared after continued breeding of the line and it seems probable, at the present time, that the early combination was due entirely to a chance association.
The morphological changes observed in feti at various stages of gestation are similar in many respects to those described by Bagg in the descendants of x-rayed mice. The accumulation of lymph-like fluid that occurs in the early stages of the development of the abnormality in the mouse, and the thrombi described by Plagens (5), however, have not been found in the rabbit.
The first abnormal change noted in the rabbit is a dilatation of blood vessels without apparent alteration in the structure of their wails or of the nerves supplying the region. This is followed by extravasations of blood and necrosis of the tissue in the vicinity of the hemorrhage.
It is generally assumed in abnormalities of this type that the defect arises on the basis of inferior or faulty tissues. There is no evidence in the present instance that the involved tissues were morphologically different from adjacent tissues which remained unaffected. On the contrary, careful examination of many sections obtained at different periods prior to vascular dilatation failed to show any modification from normal.
Vascular dilatation has not been observed in other parts of affected feti, and the constancy of the finding in involved regions is highly suggestive of a direct causal relationship. The walls of blood vessels in affected regions are not morphologically altered, thrombi have not been observed, and no local cause has been found to account for the dilatation. In view of the absence of any demonstrable lesion, the possibility of an abnormal vasomotor cQndition is worthy of consideration. The absence of local constrictor fibers or the continued stimulation of existing fibers, giving rise to paralysis, would result in dilatation of the vascular segment, and subsequent stasis of the blood stream would be followed by hemorrhage and necrosis of the parts supplied by the segment.
A determination of the primary fault is not possible from the evidence at hand. It seems probable, however, that the somatic variation controlled by genetic factors was situated in vascular or nervous tissues. The subsequent course of events initiated by the primary variation proceeded in an orderly pathological sequence, giving rise to the expressed deformity in a manner entirely comparable to that which follows an abnormal environmental stimulus.
The preservation of blood cells and of epithelium in the necrotic areas is of further pathological interest. Hemolysis did not occur and the staining properties of extravasated red blood cells were unaltered, although the cells of surrounding tissues were completely disintegrated. The observations of Clark and Clark bear on this point (6) . In a detailed study of the fate of extruded erythrocytes they found that the extruded cells were not caused to disintegrate by the tissue fluids and occasionally remained for a week or more before removal by lymphatic capillaries or by pigmented wandering cells.
Epithelium remained intact despite the absence of a blood supply, and in many instances active proliferation was observed in sloughed tissue fragments. Epithelial growth was apparently maintained by direct imbibition of nutrient from the amniotic fluid as in tissue culture. It seemed possible that proliferation in sloughed fragments might continue to the end of gestation and that the abnormal environmental relations might give rise to atypical changes, but gross particles have not been found at term, indicating that if the epithelium continued to live, proliferation was restricted and remained orderly.
SUM~&RY
A series of deformities in the rabbit ranging from brachydactylia to acheiropodia have been described. Experimental breeding demonstrated that the occurrence of the deformities was determined by simple recessive hereditary factors and that the various types were genetically related and were not distinct hereditary entities.
Embryological investigation showed the first abnormal change was a dilatation of blood vessels in affected buds. This was followed by hemorrhage and necrosis of the parts involved. Sloughing subsequently occurred, and the deformity was completely expressed by the 25th day of fetal life. FIo. 11. 19 day old fetus showing a swollen, sharply outlined area of deep red discoloration. × 1.9.
Fio. 12. Ears of 21 day old feti with control ears from normal animals of the same age. A line of demarcation has formed and the affected region is swollen and purple in color. × 2.7.
Fio. 13. 23 day old fetus. A line of demarcation has formed on the foot and the affected region is dry and black in color. × 2.7.
FIo. 14. 24 day old feti. The gangrenous parts of the feet have sloughed off and the stubs have healed. × 1.35. 
